NeXstar Pharmaceuticals, 2860 Wilderness Place, Boulder, Colorado 80301, USA Background:
Vascular permeability factor/vascular endothelial growth factor (VPF/VEGF) is a potent inducer of new blood vessel growth (angiogenesis) that contributes to the pathology of many angiogenesis-associated disease states such as psoriasis, rheumatoid arthritis and cancer. Few molecular entities capable of binding to VPF/VEGF with high affinity and specificity have been described to date. Results:
Nuclease-resistant 2'-amino-2'-deoxypyrimidine nucleotide RNA (2'-aminopyrimidine RNA) ligands that bind toVPF/VEGF with high affinity have been identified by iterative rounds of affinityselection/amplification from two independent random libraries. The sequence information that confers high affinity binding toVPF/VEGF is contained in a contiguous stretch of 24 nucleotides, 5'-CCCUGAUGGUAGAC-GCCGGGGUG-3' (2'-aminopyrimidine nucleotides are designated with italic letters). Of the 14 ribopurines in this minimal ligand, 10 can be substituted with the corresponding 2'-0-methylpurine nucleotides without a reduction in binding affinity toVPF/VEGF.
In fact, the 2'-O-methyl substitution at permissive positions leads to a -17-fold improvement in the binding affinity to VPF/VEGEThe higher affinity results from the reduction in the dissociation rate constant of the 2'-O-methyl-substituted RNA ligand from the protein compared to the unsubstituted ligand. The 2'-O-methyl-substituted minimal ligand, which folds into a bulged hairpin motif, is also more thermally stable than the unsubstituted ligand. Nuclease resistance of the ligand is further improved by the 2'-O-methyl substitutions and the addition of short phosphorothioate caps to the 3'-and 5'-ends.
Conclusions:
We have used the SELEX (systematic evolution of Jigands by exponential enrichment) process in conjunction with post-SELEX modifications to define a highly nuclease-resistant oligonucleotide that binds to VPF/VEGF with high affinity and specificity
Introduction
Growth and metastasis of malignancies is dependent on the development of new blood vessels, or angiogenesis [1, 2] . In addition to other abnormal features, tumorassociated vasculature is considerably more permeable to plasma fluid and protein than the vasculature of normal tissues [3, 4] .This observation has led to the discovery of vascular permeability factor (VPF) as a tumor-secreted protein that in very low amounts induces a rapid increase in vascular permeability independent of mast-cell degranulation or endothelial-cell damage [5-71. Several groups have subsequently and independently isolated a growth factor from pituitary follicular [S,9] and glioma tumor cell conditioned media [lo] that was selectively mitogenic for vascular endothelial cells; this protein was named vascular endothelial growth factor (VEGF) [8] . VPF andVEGF were soon shown to be encoded by the same gene, which gives rise to four protein isoforms (121-, 165-, 189-and 206-amino-acid species) as a result of alternative splicing of mRNA [l I-14] .VPF/VEGF is a secreted N-glycosylated disulfide-linked homodimer that exerts its effects on endothelial cells by binding to tyrosine kinase receptors encoded by the flt and the flk-l/KDR genes [15-171.
The ability to produce and secreteVPF/VEGF is shared by many, if not most, tumor cells [5] [6] [7] 10, [18] [19] [20] [21] [22] ligands by Bponential enrichment) combinatorial chemistry process as one of the most efficient methods of discovering new therapeutic and diagnostic candidates. In the few years since the SELEX process was first described, a large number of nucleic acid sequences with unique binding or catalytic properties has been described (reviewed in [27, 28] We have previously reported the use of the SELEX process to identify specific high affinity RNA ligands to VPF/VEGF from a random RNA library [32] . In this report, we describe the identification of nuclease-resistant modified RNA ligands toVPF/VEGF from two independent 2'-amino-2'-deoxypyrimidine nucleotide RNA (2'-aminopyrimidine RNA) libraries. We demonstrate that the stability in biological fluids as well as the affinity and specificity of the initial lead compound forVPF/VEGF can be further improved by post-SELEX modifications.
Results

Selection of high-affinity ligands
High affinity 2'-aminopyrimidine RNA ligands to VPF/VEGF were selected from two random libraries (A and B) in independent SELEX experiments. In these libraries, randomized regions of length 30 and 50 were flanked by different fixed-sequence regions (see Materials and methods). The initial affinity selections in both SELEX experiments were performed with =6 x lOI RNA molecules (1 nmol). After 11 rounds of affinity selection and amplification, the affinity improvement was about loo-fold (data not shown). We identified 79 unique-sequence isolates from the affinityenriched pools (44 from library A and 35 from library B) as described [33] . Th ese isolates were screened for VPF/VEGF binding by measuring the fraction of RNA bound to nitrocellulose filters at varying VPF/VEGF concentrations. Those that were retained efficiently on nitrocellulose filters in the absence of VPF/VEGF (36 clones) were not considered further. The remaining 43 ligands bound to VPF/VEGF with estimated dissociation constant (Kd) values ranging from lo-lo to lOpa M; the rando'm pool had a K, value of =10p7 M.The highaffinity ligands to VPF/VEGF fall into several sequence families, typically containing isolates from both library A and library B. In the example shown in Figure 1 , a 17-nucleotide stretch of highly conserved consensus primary structure is apparent. Extensive base-pairing covariation is observed between positions 1 and 23, 2 and 22, and 3 and 21; modest base-pairing covariation is seen between positions 4 and 20 (1 A-U and 5 C-G).
Dot-matrix analysis of the consensus secondary structure
To facilitate the detection of consensus secondary structures for nucleic acids, we have developed a method for simultaneously examining all possible base pairings in aligned sequence sets through the use of dot-matrix representation (Fig. 2) [34]. To produce the matrix, the sequence of the oligonucleotide is written as a column to define the x-axis and as a row to define the y-axis [35] . A symbol (dot) is placed in the matrix at all positions where base pairing occurs (G-U and U-G base pairs are allowed in this analysis). Double-helix (stem) regions are recognized as runs of adjacent bars perpendicular to the symmetry diagonal. By overlaying the aligned dot matrices of all ligands in the set, it is possible to identify positions where base pairing is conserved (shown in clear (background), blue and red, in order of ;. . . ;. . . .;9 . . .;: . . ."19 . . ."r"
14A
GCAACAGAGGCVGAUGGLTAGACGCCGGCCAuu increasing frequency). Since the information in the matrix is redundant, the top triangle is used for the unfiltered data set, while the lower triangle shows the most highly conserved and stable secondary structure elements. The identification of covariation between any two positions in a set is also possible by this method [34] .
Minimal sequence determinations The minimal sequence requirement for high affinity binding was determined for one of the best ligands (24A) in the sequence set shown in Figure 1 , using partial alkaline hydrolysis followed be affinity selection [32] (see Fig. 3 Figure 4 . In the unselected lane, the bands that correspond to hydrolysis at positions 9, 12 and 14 are notably fainter compared to other purine nucleotide positions as a result of the partial 2'-OMe substitution. As noted above, the bands that correspond to hydrolysis at 2'-aminopyrimidine nucleotides are not observed. In the 7 nM and the 0.7 nMVPF/VEGF selection lanes, the Al4 band is relatively more intense than in the unselected lane (compared, for example, to the G13 band).The Al2 band, on the other hand, is less intense in the selected lanes than Figure 4b . These values provide a standard against which the effect of the 2'-OMe substitution on binding can be quantitated.The curvature results from the difference in the extent of partial alkaline hydrolysis in the unselected and the selected lanes. Normalized band intensity ratios for the partially 2'-OMe-substituted positions that are significantly above or below the curve fit line for the unselected lanes compared with those for the selected lanes ( Fig. 4b) We also determined the dissociation rates for complexes of ligands NX-178 and NX-213 with VPF/VEGF at 37 "C using radiolabeled ligands and adding a large molar excess (=500-fold) of the unlabeled ligands (Fig. 5b) . For both ligands, the first-order rate equation provides an adequate fit to the data points. The dissociation rate constants obtained from these data were 5.9 rf: 0.7 x 10e2 s-l (t1,2 = 12 s) for NX-178 and 1.4 f 0.6 x 1O-3 s-l (t1,2 = 8 min) for NX-213.
Assuming a simple bimolecular association model, the association rate constants of 2.4 rf: 0.6 x lo7 M-Is-l for NX-178 and 1.0 k 0.4 x lo7 M-is-l for NX-213 were calculated. The 2'-OMe substitution at permissive purine nucleotide positions therefore decreases the dissociation rate constant =40-fold and the association rate constant -2-fold.
We next tested whether the ligands bind to a biologically relevant site on the protein. Figure 5 . CT, values were determined from the data shown in Figure 8 .
We (Fig. l) , consensus basepairing analysis (Fig. 2) , and preliminary 1D and 2D IH NMR data on NX-213 and other analogs (not shown) is a bulged hairpin (Fig. 7) . The NMR results suggest that a stable four-base-pair stem is formed involving three G-C base pairs and an A-U base pair and that this stem is disrupted at or after U5/G19. Interestingly, a longer stem with an additional U-G and G-C base pair does not appear to form, or may form only transiently.
This less stable stem might be a result of the 2'-amino modifications, which are known to destabilize helical conformations [37-391. Post-SELEX modifications: increased nuclease resistance and affinity maturation The 2'-OMe interference experiment was initiated primarily to further increase the in viva stability of the lead ligand. Indeed, the partially 2'-OMe-substituted ligand NX-213 is considerably more nuclease-resistant than its unsubstituted analog (NX-178). All but four of the purine nucleotides in the ligand tolerate the 2'-OMe substitution.
In an analogous interference experiment with a SELEX-derived RNA ligand to HIV RT, Green et ul. [44] have recently shown that the 2'-OMe group could be substituted at all but two positions.These observations suggest that this and other similar modification interference analyses are generally applicable methods of stabilizing SELEX ligands against nuclease degradation.
Although the permissive 2'-OMe substitution pattern in ligand was determined on the basis of affinity selections and at least one purine nucleotide (G16) exhibited a considerable preference for the 2'-OMe group (Fig. 5) , the increase in binding affinity of 17-fold compared to the unsubstituted compound was not anticipated.
The origin of the 2'-OMe substitutionrelated affinity improvement is at present not clear. The design of the interference experiment has allowed us to examine the effect of 2'-OMe substitution on binding at multiple positions simultaneously. However, since the quantitative relationship between the 2'-OMe preference index (Fig. 5 ) and the K, values of singly-substituted ligands
has not yet been defined, we do not know whether the observed improvement in binding of NX-213 is due to the 2'-OMe substitution at a few key positions (e.g. G16) or to the multiplicative effect of substituting most of the purine nucleotides in the molecule. Global substitution-related changes such as the increased hydrophobic character or the greater thermal stability of NX-213 compared to NX-178 could be responsible for part of the observed affinity improvement.
All of the affinity improvement appears to be the result of the decrease in the dissociation rate constant of NX-213 compared to that of NX-178, since the calculated association rate constant of NX-178 is actually about two-fold greater than that of NX-213.
With values of l-3 x lo7 M-Is-l, the association rate constants of these ligands are large enough to be close to the diffusion-controlled limit [45] ; a significant improvement in binding affinity through a Iarge increase in the association rate is therefore improbable. It is worth noting that association rates of this magnitude are not unusual for the binding of and 5'-d(tcgggcgagtcgtctg)-3'). After in vitro transcription the RNA was purified on 8 % polyacrylamide gels containing 7 M urea, eluted from the gel by the crush and soak method, alcohol precipitated and resuspended in phosphate buffered saline (PBS: 10.1 mM Na2HP04, 1.8 mM KH,PO,, 137 mM NaCl and 2.7 mM KCl, pH 7.4). Prior to incubation withVPF/VEGF, the RNA was heated at 90 "C for 2 min and cooled on ice. Stock solutions of VPF/VEGF were prepared by resuspending the lyophilized protein in PBS at concentrations of 5-10 p,M. VPF/VEGF stock solution concentrations were determined for each lot from the absorbance at 280 nm and the extinction coefficient of 1.3 x lo4 M-'cm-' for VPF/VEGF dimer. Affinity selections were done by incubatingVPF/VEGF with RNA for at least 15 min at 37 "C in PBS containing 0.01 % human serum albumin. Partitioning of free RNA from protein-bound RNA was done by nitrocellulose filtration [32] . Protein-bound RNA was extracted from the nitrocellulose filters by soaking the minced filters in a mixture of phenol (400 ~1, pH 7) and 7 M urea (200 ~1) in 1.5 ml microfuge tubes for 30 min at room temperature, separating the phases by centrifugation and washing the aqueous layer with phenol and chloroform. The RNA was precipitated by adding one-tenth volume of 3 M sodium acetate (adjusted to pH 7 with acetic acid) and two volumes of I:1 mixture of ethanol and isopropanol. Reverse transcription and PCR amplification were done as described [31] . Cloning and sequencing of the affinity-enriched pools was performed using established protocols [33] .
'-O-Methyl
(2 '-OMe) purine nucleotide interference analysis Partially 2'-OMe-substituted oligonucleotide ligand pools were synthesized by the solid-phase phosphoramidite method using a 2:l (mol:mol) mixture of 2'-OMe:2'-OH purine nucleoside phosphoramidites at specified positions. Four oligonucleotide pools were prepared in which 3-4 defined purine nucleotide positions contained either a 2'-OMe or a 2'-OH group; the remainder are unmodified ribopurines: pool A, 5'-ACCCU-GAUG9GUA12GA14CGCCGGGGUG-3' (positions containing a mixture of 2'-OMe and 2'-OH purine, nucleotides are numbered); pool B, 5'-A1CCCUGA7UGGUAGACGCC-G19GG2rGUG-3'; pool C, 5'-ACCCUG6AUGGUAGACG-CCGGzoGGUGz4-3'; and pool D, 5'-ACCCUGAUGGioUA-G13ACG16CCGGGGUG-3'.
The four pools were 5' endlabeled with [Y-~~P]ATP and T4 polynucleotide kinase and purified by gel electrophoresis to ensure size homogeneity.
The pools were then incubated separately with 7 and 0.7 nM VPF/VEGF in PBS containing 0.01 % HSA for 15 min at 37 "C and the protein-bound ligands were selected by nitrocellulose filter partitioning as described above. The affinityselected and the unselected pools were subjected to partial alkaline hydrolysis (50 mM sodium carbonate buffer, pH 9.0, 90 "C for lo-20 min) and the hydrolytic fragments were resolved on 20 % polyacrylamide denaturing gels. Dried gels were exposed to Fuji type BAS-111s imaging plates and the band intensities were quantitated on a Fuji Model BASlOOO Bio-imaging Analyzer.The data were normalized to the sum of the band intensities for each lane, and the ratio of the selected to the unselected normalized values was determined for each position.
Apparent equilibrium dissociation constant and dissociation rate constant determinations The binding of oligonucleotide ligands at low concentrations to varying concentrations ofVPF/VEGF and other proteins was measured using the nitrocellulose filter binding assay as described [32, 43] . Oligonucleotides for all binding experiments were purified by denaturing polyacrylamide gel electrophoresis and subjected to a thermal denaturation/renaturation cycle as described above in binding buffer at high dilution (~1 r&I) prior to incubation with the protein [32, 43] . Before partitioning on nitrocellulose filters, the binding mixtures were typically incubated at 37 "C for 15 min. Some ligands were affinity purified on a small scale by nitrocellulose filtration prior to the binding experiments to remove the low affinity binding fractions [31] . The dissociation rate constant for ligands NX-178 and NX-213 were determined under pseudo first-order conditions by measuring the amount of 32P 5'-endlabeled ligands (~50 pM) bound toVPF/VEGF (17 nM) as a function of time following the addition of =500-fold excess of the unlabeled ligands, using nitrocellulose filter binding as the partitioning method.
Receptor binding VPF/VEGF was radioiodinated by the Iodogen method [47] to a specific activity of l-6 x lo4 cpm ng-I. Human umbilical vein endothelial cells (HUVECs, population doubling 5) were plated in 24-well plates at a density of l-2 x lo5 cells per well in EGM (Clonetics, San Diego, CA). At confluence, the cells were incubated for 2 h at 4 "C in PBS containing 0.1% human serum albumin, 10 ng ml-* 1251-labeled VPF/VEGF and varying concentrations of the oligonucleotide ligands. At the end of the 2 h incubation period, the supernatant was aspirated and the wells were washed two times with cold PBS. HUVECs were then lysed with 1 % triton X-100 and the amount of cell-associated 1251-VPF/VEGF was determined by gamma counting.
Melting temperature (T,) measurements Melting profiles for all oligonucleotides were obtained on a Gary Model 1E spectrophotometer. Oligonucleotides (0.8-40 p.g ml-') were heated to 95 "C in PBS and cooled to room temperature prior to the melting protie determination. Melting profiles were generated by recording the absorbance at 260 nm while the sample was heated at the rate of 1 "C mm* from 5-95 "C. The first derivative of the data points was calculated using the plotting program KaleidaGraph (Synergy Software, Reading, PA). The first derivative values were smoothed using a 55-point smoothing function by averaging each point with 27 data points on each side. The peak of the smoothed first derivative curves was used to estimate the T, values.
NMR spectroscopy NMR experiments
were performed on a 500 MHz Varian VXR-S spectrometer. The oligonucleotides were dialyzed with a Centricon 3 microconcentrator (Amicon, Beverly, MA) into the 10 mM sodium phosphate buffer (pH 7.4), 10 n&I sodium chloride, lyophilized and dissolved in 90 % H,O/lO % D,O. The spectra were collected at 5 "C with a jump and return sequence for solvent suppression
[58] and with maximal excitation at the imino protons (12 ppm).
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Determination of ligand stability in rat urine Ligands NX-107, NX-178, IQ-2 13 were 5' end-labeled with [Y-~~P]ATP and polynucleotide kinase and incubated at the concentration of 2 nM in sterile rat urine at 37 "C. The reactions were terminated at specified time points by the addition of 87 % aqueous formamide solution containing 25 mM EDTA and 0.02 % bromophenol blue, immediately frozen in liquid nitrogen and stored at -70 "C. Undegraded (full-length) ligands were separated from the degradation products by electrophoresis in 20 % polyacrylamide gels containing 7 M urea. The fraction of the undegraded material at each time point was quantitated by phosphorimager analysis as described above.
